In addition to classical visual effects, light elicits nonvisual brain responses, which profoundly influence physiology and behavior. These effects are mediated in part by melanopsin-expressing lightsensitive ganglion cells that, in contrast to the classical photopic system that is maximally sensitive to green light (550 nm), is very sensitive to blue light (470--480 nm). At present, there is no evidence that blue light exposure is effective in modulating nonvisual brain activity related to complex cognitive tasks. Using functional magnetic resonance imaging, we show that, while participants perform an auditory working memory task, a short (18 min) daytime exposure to blue (470 nm) or green (550 nm) monochromatic light (3 3 10 13 photons/cm 2 /s) differentially modulates regional brain responses. Blue light typically enhanced brain responses or at least prevented the decline otherwise observed following green light exposure in frontal and parietal cortices implicated in working memory, and in the thalamus involved in the modulation of cognition by arousal. Our results imply that monochromatic light can affect cognitive functions almost instantaneously and suggest that these effects are mediated by a melanopsin-based photoreceptor system.
Introduction
Whereas the classical visual system generates images of the external world, another ''nonvisual'' system (also referred to as ''non--image-forming'' system) detects variations in ambient irradiance and elicits a wide range of responses. These responses include long-term modifications of circadian rhythms and acute changes in hormone secretion, heart rate, sleep propensity, alertness, core body temperature, retinal neurophysiology, pupillary constriction, and gene expression (French et al. 1990; Badia et al. 1991; Duffy et al. 1996; Dkhissi-Benyahya et al. 2000; Brainard et al. 2001; Lucas et al. 2001; Dijk and Lockley 2002; Hankins and Lucas 2002; Lockley et al. 2003 Lockley et al. , 2006 Cajochen et al. 2005) . Converging evidence derived from classical physiology techniques, such as determination of wavelengths of maximum sensitivity (action spectra), and molecular genetic techniques, such as genetic ablation of rods and cones in rodents, point to the unique characteristics and neuroanatomical basis of the ''nonvisual'' system (Brainard et al. 2001; Lucas et al. 2001; Thapan et al. 2001; Hankins and Lucas 2002) . Its wavelength of maximum sensitivity is shifted to shorter wavelengths (blue light) compared with the classical visual system in both animals and humans. The ''nonvisual'' system depends on input from both retinal ganglion cells expressing melanopsin Hattar et al. 2002; Dacey et al. 2005 ) and the classical visual photoreceptors (Hattar et al. 2003) . Melanopsin is a recently discovered photopigment (Provencio et al. 2000) that is most sensitive to blue light at a wavelength ranging from 420 to 480 nm, depending on the study considered (Melyan et al. 2005; Panda et al. 2005; Qiu et al. 2005) . The melanopsin-expressing ganglion cells transmit irradiance signals to hypothalamic nuclei such as the suprachiasmatic nuclei (SCN), as well as to a number of nonhypothalamic structures (e.g., superior colliculi, lateral geniculate nuclei, and medial amygdala), suggesting that the melanopsin-dependent photoreception system modulates many brain functions (Gooley et al. 2003; Hattar et al. 2006) . However, its action on cortical function has not been studied extensively.
Although it is often stated that light affects behavior and cognition in humans, few studies have been devoted to study these effects. White light has been shown to improve subjective alertness and performance on simple tasks such as reaction time, digit recall, 2-letter search, and simple problem solving both during night and daytime (Campbell and Dawson 1990; French et al. 1990; Badia et al. 1991; Phipps-Nelson et al. 2003) . To date, only 2 neuroimaging studies, using positron emission tomography (Perrin et al. 2004 ) and functional magnetic resonance imaging (fMRI) (Vandewalle et al. 2006 ) characterized the neural correlates of the nonvisual effects of white light exposure. Two studies have shown that a blue light--sensitive photoreception system modulates the effect of light on alertness and reaction times (Cajochen et al. 2005; Lockley et al. 2006) . These latter studies, however, did not include brain imaging, and the neural correlates of the effects of blue light remain unknown. Furthermore, there is currently no direct evidence that light exposures of wavelengths close to the maximum sensitivity of the melanopsin-dependent photoreception system (blue~470 nm) or of the classical 3 cone photopic system (green 550 nm) elicit different nonvisual brain responses to a complex cognitive task. In the present fMRI study, we aimed at demonstrating that the spectral quality of light influences the activity in brain areas involved in executive functions, even during daytime, a time at which humans are naturally exposed to abundant light.
Materials and Methods

Subjects
Participants were healthy, young subjects (N = 18, 10 females; age: 18--29 [median: 23]; body mass index: 18.7--29.7 [median: 22.85]) . A semistructured interview established the absence of medical, traumatic, psychiatric, or sleep disorders. Absence of color blindness was assessed by the 38-plate edition Ishihara's Test for Colour-Blindness (Kanehara Shupman Co., Tokyo, Japan). All participants were nonsmokers and moderate caffeine and alcohol consumers and were not on medication. None had worked on night shifts during the last year or traveled through more than 1 time zone during the last 2 months. Extreme morning and evening types, as assessed by the Horne--Ostberg questionnaire (Horne and Ostberg 1976), were not included. None complained of excessive daytime sleepiness as assessed by the Epworth Sleepiness Scale (Johns 1991) and of sleep disturbances as determined by the Pittsburgh Sleep Quality Index Questionnaire (Buysse et al. 1989) . All participants had normal scores at the 21-item Beck Anxiety Inventory (Beck et al. 1988) and at the 21-item Beck Depression Inventory II (Steer et al. 1997) . They were right handed as indicated by the Edinburgh Inventory (Oldfield 1971) . Participants gave their written informed consent and received a financial compensation for their participation. The study was approved by the Ethics Committee of the Faculty of Medicine of the University of Lie`ge.
Volunteers followed a 7-day regular sleep schedule before their first visit and kept the same schedule for 2 more days, until their second visit. Compliance to the schedule was assessed using wrist actigraphy (Actiwatch, Cambridge Neuroscience, UK) and sleep diaries. In order to record 2 volunteers on the same day at approximately the same circadian time, volunteers were requested to follow 1 of 2 sleep schedules differing by 1.5 h (2300--0700 h ± 30 min or 0030--0830 h ± 30 min). Volunteers were requested to refrain from all caffeine and alcohol-containing beverages and intense physical activity for 3 days before participating in the study.
Protocol
Volunteers completed the protocol on 2 separate days (Fig. 1) . The experimental paradigm was identical on both days, except for the monochromatic light exposure condition (blue or green), the order of which was counterbalanced. On each day, subjects were first maintained in dim light ( <5 lux) for 3 h and then scanned during 3 consecutive sessions that were timed before (session 1; <0.01 lux), during (session 2), and after (sessions 3; <0.01 lux) 1 eye was exposed for 18 min (durations varied slightly, see Supplementary Data) to a blue (470 nm) or a green (550 nm) monochromatic light. The photon densities of both light exposures were identical (3 3 10 13 photons/cm 2 /s) so that blue light stimulation of the melanopsin-dependent photoreception system would be equal to the stimulation of the classical photoreception systems elicited by green light during the other visit. Light exposure occurred approximately 5 h after habitual wake-up time, that is, during the biological day when melatonin secretion is low (Dijk and Lockley 2002) . During every session, participants performed an auditory ''2-back'' working memory task (Braver et al. 2001 ), which does not explicitly depend on visual input, and is reliably executed by a majority of subjects. Subjective alertness scores, as assessed by the Karolinska Sleepiness Scale (KSS) (Akerstedt and Gillberg 1990) , were collected every 30 min during the 3-h preparatory period and every 20 min while in the scanner. Participants performed the 2-back task during two 3-min flanking sessions placed at the beginning and at the end of the fMRI acquisition period. The first flanking session allowed enough time for physiological events related to recent postural changes (sitting, walking to the fMRI scanner, standing for a few minutes, and then lying down in supine position) to dissipate (Bonnet and Arand 1998) . The latter events can influence arousal and might have otherwise contaminated our data. The second flanking session took into account potential participants' expectancies about the end of the experiment, which might change their motivational and arousal state. Participants were unaware of the duration of this last flanking session and were told its duration could vary substantially.
During the data acquisition period, all subjects interacted with the same investigator who used a standardized set of sentences between every 2-back sessions. This protocol was implemented in order to minimize variation in motivational state due to social interactions (e.g., encouragement by an investigator, which may modify brain responses [cf. Grandjean et al. 2005]) . No feedback was given on performance. Volunteers received a small, standardized snack in the middle of the 3-h preparatory period preceding fMRI data acquisition. They were trained on a shortened version of the protocol and habituated to the experimental conditions at least a week before the experiment. Subject had to reach 75% of correct responses on the 2-back task at the end of training to participate in the experiment.
The 2-Back Task Stimuli consisted of 9 French monosyllabic consonants that were phonologically different so that they could easily be identified. Stimuli were 500 ms long and interstimulus interval was 2500 ms long. For each consonant, volunteers were requested to state whether or not it was identical to the consonant presented 2 stimuli earlier, by pressing a button on a keypad for ''yes'' and another one for ''no.'' Thirty-four series of 25--30 stimuli were constructed with~30% positive answers. Interseries interval lasted 10--25 s. Series were presented only once per visit and were randomly assigned to one of the scanning sessions. In both visits, the number of series in each session varied as follow: flanking sessions consisted of 2 series, session 1 of 9 series, session 2 of 10 series, and session 3 of 11 series. Stimuli were produced using COGENT 2000 (http://www.vislab.ucl.ac.uk/Cogent/) implemented in MATLAB (Mathworks Inc., Sherbom, MA) on a 2.8-GHz XEON DELL personal computer (Round Rock, TX) and were transmitted to the subjects using MR CONTROL amplifier and headphones (MR Confon, Magdeburg, Germany). On both visits, the first session was preceded by a short session during which volunteers had to set the volume level to ensure an optimal auditory perception during scanning.
Light Exposure
In a previous fMRI study, we reported that 21 min of white light exposure ( >7000 lux) was sufficient to counteract the decrease in alertness and brain activity otherwise observed in continuous darkness (Vandewalle et al. 2006 ). However, we could not easily separate the changes in responses related to the light-related increase in alertness from the effect of light per se. We specifically designed the present study in order to avoid the confounding effects of variation in alertness and performance. First, we used a monochromatic light stimulus with a photon density about a hundred times lower than in our previous fMRI study. Second, only one eye was exposed. Previous investigations demonstrated additivity of binocular compared with monocular illumination (Brainard et al. 1997) . Third, the monochromatic light exposure was limited to 18 min, a short exposure as compared with previous studies investigating the effect of light on behavior (Cajochen et al. 2005; Lockley et al. 2006 ) and melatonin secretion (Brainard et al. 2001; Thapan et al. 2001; Lockley et al. 2003) . Thus, the total number of photons administered in our study is 10--15 times smaller than in behavioral investigations (Cajochen et al. 2005; Lockley et al. 2006 ) and most endocrine studies (Brainard et al. 2001; Lockley et al. 2003) , but not all (Thapan et al. 2001) . Using this experimental strategy, we were aiming to characterize the changes in brain responses independent of behavioral changes.
Narrow interference band-pass filters (full width at half maximum [FWHM]: 10 nm; Edmund Optic, York, UK) were used to produce 2 monochromatic illuminations at 470 and 550 nm. The exposed eye and monochromatic light exposure were assigned pseudorandomly in a counterbalanced manner. The light was transmitted by a metal-free optic fiber from a source (PL900, Dolan-Jenner Industries, Boxborough, MA) to a small diffuser placed in front of the subjects' eye. The diffuser was designed for the purpose of this study and ensured a uniform illumination of the eye. Light was administered through a 4 3 5.5 cm frame placed 3--4 cm away from the eye. Irradiance could not be measured directly in the magnet, but the light source was calibrated and irradiance estimated to be 3 3 10 13 photons/cm 2 /s (840-C power meter, Newport, Irvine, CA). The nonilluminated eye of the subject was monitored at all times using an infrared eye-tracking system (ASL, Model 504; Applied Science Group, Bedford, MA). The images of the eye-tracking system were monitored online, video taped, and subsequently examined in order to ensure that all volunteers included in the analyses had their eyes open at all time and were looking toward the light during the illumination.
fMRI Data Acquisition fMRI time series were acquired using a 3 T MR scanner (Allegra, Siemens, Erlangen, Germany). Multislice T2*-weighted fMRI images were obtained with a gradient echo--planar sequence using axial slice orientation (32 slices; voxel size: 3.4 3 3.4 3 3 mm 3 ; matrix size 64 3 64 3 32; time repetition (TR) = 2130 ms; time echo (TE) = 40 ms; flip angle = 90°). The 4 initial scans were discarded to allow for magnetic saturation effects. There was little variation in the number of scans of the homologous sessions of both visits (first flanking sessions: 95.3 ± 4.2 (mean ± standard deviation); sessions 1: 408.6 ± 8.3; sessions 2: 454.6 ± 7.1; sessions 3: 506.8 ± 7.6; second flanking sessions: 96.6 ± 3.5). Head movements were minimized using a vacuum cushion. A structural T1-weighted 3D MP-RAGE sequence (TR 1960 ms, TE 4.43 ms, time to inversion 1100 ms, field of view 230 3 173 cm 2 , matrix size 256 3 256 3 176, voxel size: 0.9 3 0.9 3 0.9 mm) was also acquired in all subjects.
fMRI Data Analysis Functional volumes were analyzed using statistical parametric mapping 2 (SPM2-http://www.fil.ion.ucl.ac.uk/spm) implemented in MATLAB. They were corrected for head motion, spatially normalized (standard SPM2 parameters) to an echo-planar imaging template conforming to the Montreal Neurological Institute (MNI) space, and spatially smoothed with a Gaussian Kernel of 8-mm FWHM. The analysis of fMRI data, based on a mixed effect model, was conducted in 2 serial steps, accounting respectively for fixed and random effects. For each subject, changes in brain regional responses were estimated using a general linear model in which the activity evoked by the 2-back series in each session was modeled by boxcar functions, convolved with a canonical hemodynamic response function. As we reported previously (Vandewalle et al. 2006) , the dynamics of the light-induced modulations of brain activity in some areas is fast. Such rapid changes do not necessarily give rise to significant changes in activity when averaged over a whole session and consequently, do not appear in between-session contrasts. We therefore added 2 further regressors in our analyses, representing the modulation of brain responses to the 2-back series by linear and quadratic time. We used these regressors to compare the within-session modulation of brain responses by (linear and quadratic) time in the different sessions in order to identify any nonvisual brain response that would build up and dissipate with time after lights were turned on and off, respectively. Movement parameters derived from realignment of the functional volumes were included as covariates of no interest. High-pass filtering was implemented in the matrix design using a cutoff period of 128 s to remove low-frequency drifts from the time series. Serial correlations in fMRI signal were estimated using an autoregressive (order 1) plus white noise model and a restricted maximum likelihood algorithm. The effects of interest were then tested by linear contrasts, generating statistical parametric maps (SPM(T)). Because no inference was made at this (fixed effects) level of analysis, summary statistic images were thresholded at P uncorrected = 0.95. The summary statistic images resulting from these different contrasts were then further smoothed (6-mm FWHM Gaussian Kernel) and entered in a second-level analysis. This second step accounts for intersubject variance in the main effects of light (random-effect model) and corresponds to a 1-sample t-test for brain responses to the 2-back series. Both time modulators were included in a separate parametric within-subject 1-way analysis of variance (ANOVA). For the latter analysis, the error covariance was not assumed independent between regressors and a correction for nonsphericity was used for final inferences (Glaser and Friston 2004) . The resulting set of voxel values for each contrast constituted maps of the t-statistics (SPM(T)) for the main responses and F statistics (SPM(F)) when they were modulated by time, thresholded at P uncorrected = 0.001. Statistical inferences were performed after correction for multiple comparisons on small spherical volumes (svc; 10 mm radius) at a threshold of P svc = 0.05, around a priori locations of activation in structures of interest, taken from published work on ''n-back'' tasks and executive processing, multimodal binding and from our own work on the effects of white light on brain responses in fMRI. Before performing any svc, peaks reported in Talairach (Talairach and Tournoux 1988) (Cohen et al. 1997) .
Locations involved in multimodal activation/cross-modal binding: Left thalamus (Bushara et al. 1999 ) --14 --20 8; right insula 36 24 -4 mm, 38 22 -6 mm (Bushara et al. 2001) ; left inferior parietal lobule -44 -38 42 mm (Bushara et al. 1999) .
Location modulated by white light exposure: Right insula 40 20 8 mm (Vandewalle et al. 2006) .
Masking Procedures
In all analyses, we excluded brain areas that were not recruited by the 2-back task from all the interaction analyses, by masking our results with a map of all regions that showed any positive response to the task (inclusive mask P uncorrected = 0.9). In the light condition (blue > green) by session (2 > 1) interaction, we applied an exclusive mask for baseline differences (session 1 green > session 1 blue; P uncorrected = 0.05) in order to rule out possible confounds arising from these differences. In the light condition (blue > green) by session (2 > 3) interaction, we also applied an exclusive mask for differences at the end of the visits (session 3 green > session 3 blue; P ted = 0.05), which ruled out possible confounds arising from these differences. In order to verify which effect contributed to the light condition (blue > green) by session (2 > 3) interaction, we employed 2 independent masks. We applied a mask (P uncorrected = 0.05) including areas for which activity decreased from the second to the third session during the blue light condition. Interaction effect in the regions remaining after the application of this mask would be mostly related to the latter decrease in activity in the blue light condition. A second verification employed another mask (P uncorrected = 0.05) excluding areas for which activity increased from the second to the third session of the green light condition. Interaction effect in the regions remaining after the application of this mask would not be mostly related to the latter increase in activity in the green light condition.
Bayesian Inferences and Posterior Probability Maps
In the random-effect analyses, we aimed at verifying that the absence of significant statistical effects in one contrast in a location of the brain was not merely due to an error of type II (false negative). We computed posterior probability maps (PPMs) enabling conditional or Bayesian inferences about regionally specific effects (Friston and Penny 2003) , which provide the posterior distribution of an activation given the data, that is, the probability that the responses are greater than some specific threshold. PPMs and effect size were computed for response to the 2-back series in the light condition (blue > green) by session (3 > 1) interaction to verify the absence of remaining light modulation in the post--light exposure period. We estimated the posterior probabilities for each of the regions we reported in the light condition (blue > green) by session (2 > 1 and 2 > 3) interactions. PPMs were also computed on the second sessions of both visits, in order to check that no activation was present in the occipital cortex during the illumination period.
Results
A repeated measure ANOVA on accuracy and reaction times with session and light condition (blue vs. green) as within-subject factors revealed significant effects of session (Supplementary Data). Likewise, a significant effect of repetition was observed on KSS scores. Although light did not significantly affect alertness, it seemed to counteract the increase in subjective sleepiness observed in KSS scores on both days (Fig. 2) . However, as intended (see Light Exposure in Materials and Methods), the repeated measure ANOVA on accuracy and reaction times did not reveal any main effect of light condition nor any light condition by session interaction (Fig. 2 ; Supplementary Data). Likewise, there was no effect of light condition nor any light condition by repetition interaction for KSS scores.
Therefore, when fMRI data were considered, any difference in brain activity between visits could only be attributed to the difference in light conditions. We first aimed at characterizing the wavelength-specific time courses of brain responses from sessions 1 to 3. We therefore computed 2 separate light conditions by session interaction contrasts. The first one compared the differences of brain activity found in both light conditions when comparing the illumination periods (sessions 2) with the baseline sessions (sessions 1; light condition [blue > green] by session [2 > 1] interaction), whereas the second one evaluated the differences of brain activity obtained between light conditions when comparing the illuminations with the postexposure periods (sessions 3; light condition [blue > green] by session [2 > 3] interaction). Both interactions revealed significant differences in the left IPS, left supramarginal gyrus, left MFG, right insula, and left thalamus (Table 1 and Fig. 3 ; Supplementary Tables S1 and S2). The activity estimates (right panels, Fig. 3) showed that blue light exposure prevented the progressive decline in brain responses observed during green light exposure (from first to second sessions). As a rule, blue light exposure increased regional responses, as compared with baseline, except in the left IPS.
Activity estimates also revealed that the responses in these regions decreased from the second to the third session during the blue light condition, whereas they increased from the second to the third session of the green light condition. Further analyses (see Masking Procedures in Materials and Methods) revealed that in the right insula, left supramarginal gyrus, and left MFG, the significant effects were essentially due to the decrease in response during the postexposure period of the blue light condition. In contrast, in the left IPS and thalamus, the effects were largely influenced by the increase in activity after the green light is switched off.
We then assessed whether the differences in the effects of the light conditions persisted after the light exposures. However, no significant difference in brain activity was identified in the contrast comparing the postexposure sessions with the baseline sessions, suggesting that no differential effects of light conditions remained during the postexposure period, as compared with the baseline. Accordingly, probabilities of activation, as inferred by Bayesian statistics (Friston and Penny 2003) , were low ( <22%) in all the 5 areas for which we detected an effect of light exposure during the illumination period (see Bayesian Inferences in Materials and Methods).
Importantly, no regions were significantly more deactivated by blue than green light exposure during or after the illumination period, as compared with baseline (Table S3) . Likewise, no brain areas were more activated by blue light as compared to green light exposure after as compared to during the illumination.
Collectively, our results speak for specific time-limited enhancement in brain responses during blue, as compared to green, light exposure. We point out that blue light exposure has been reported to induce greater pupillary constriction than green light exposure and is consequently associated with reduced light input to the retina (Cajochen et al. 2005 ). Although we could not assess pupil size in the present study, it is very likely that, if pupillary constriction differed between light conditions, constriction would have been greater under blue light exposure. Consequently, any superiority of blue light in modulating brain responses is unlikely to be related to the effect on pupil size. Noteworthy, no difference between light conditions was found in the occipital cortex for any of the comparisons. Bayesian statistic inferences confirmed that the probability of activation never exceeded 2% in the occipital cortex in both light conditions during the illumination period. This finding speaks against the involvement of the classical visual system in the observed effects.
Finally, we did not identify any brain areas where responses changed with time within each session and differently between light conditions (see fMRI Data Analysis in Materials and Methods). This absence of temporal modulation implies that the light-related differences in brain activity reported above appeared almost immediately after lights were switched on and dissipated very quickly after lights were turned off.
Discussion
The present results demonstrate that brain responses to a complex cognitive task are modulated by light exposure in a wavelength-dependent manner. When compared with a green light exposure of identical photon density, a short exposure to a 3 3 10 13 photon/cm 2 /s blue light on a single eye during daytime is sufficient to induce almost immediate changes in brain activity. These changes persist for the duration of the exposure, but cease when light is switched off. These findings cannot be accounted for by any measurable difference in alertness or performance nor by any order or placebo effects (see Supplementary Data). In addition, because the experimental design contrasted 2 narrow-band monochromatic lights, our findings suggest that the melanopsin-dependent photoreception system contributed to modulate these responses.
The light-induced modulation of brain responses was located in structures typically involved in executive functions (Cohen et al. 1997; Cabeza and Nyberg 2000; Collette, Hogge, et al. 2005) . The left MFG, supramarginal gyrus, and IPS have been repeatedly implicated in n-back tasks. The insula and the thalamus, both in the left and right hemispheres, have been involved in several aspects of working memory (Cabeza and Nyberg 2000) . Areas are mostly located in the left hemisphere in keeping with the left lateralization of verbal working memory (Braver et al. 2001; Collette, Hogge, et al. 2005) . The thalamus is a key structure modulating arousal, reported in studies exploring the interplay between alertness and cognition (Coull et al. 2004; Foucher et al. 2004) . Additionally, the right insula, left parietal cortex, and thalamus are also involved in visuoauditory cross-modal binding (Bushara et al. 1999 (Bushara et al. , 2003 Downar et al. 2000) and would respond during the performance of an auditory task under visual stimulation.
We previously reported that white light exposure induced nonvisual responses outlasting the illumination period (Vandewalle et al. 2006) . In contrast, in the present study, the monochromatic light exposures we used elicited immediate changes in brain responses, which did not outlast the exposure and dissipated swiftly. This reveals a new aspect of the dynamics of the nonvisual responses to light, which, except for pupillary constriction (Lucas et al. 2001) , are typically assumed to develop over tens of minutes (Brainard et al. 2001; Thapan et al. 2001 ; Lockley Cajochen et al. 2005) . The swift dynamics observed in the present study are probably related to the low dose of light administered. Our design implies that the melanopsin-dependent photoreception system contributed to modulate brain responses to the cognitive task (Brainard et al. 2001; Lucas et al. 2001; Thapan et al. 2001; Hankins and Lucas 2002; Dacey et al. 2005; Melyan et al. 2005; Qiu et al. 2005) . The melanopsin-dependent photoreception system is known to transmit irradiance signal to numerous subcortical structures including the SCN, site of the master circadian clock, the ventrolateral preoptic nuclei, involved in sleep regulation, the superior colliculus and the lateral geniculate nucleus of the thalamus, both part of the classical visual system, the intergeniculate leaflet, implicated in circadian photoentrainment, the medial amygdala, involved in reproduction behavior modulation, the olivary pretectal nucleus, implicated in pupillary constriction, the lateral habenual, etc. (Hattar et al. 2006) . These structures are connected to many other major physiological systems; it is therefore difficult to designate a unique pathway mediating our effects. Likewise, indirect projections from the SCN to cholinergic, orexin, and aminergic cell groups involved in arousal regulation exist in the forebrain and brainstem (Abrahamson et al. 2001; Aston-Jones 2005; Deurveilher and Semba 2005; Saper et al. 2005 ) and might be responsible for the increased responses observed in the thalamus. In addition, direct projections of the melanopsin retinal ganglion cells to the lateral geniculate of the thalamus have been reported in primates (Dacey et al. 2005 ) and might represent the pathway followed by irradiance information to influence thalamic activity, if they are also present in humans. Because performance and alertness did not differ across days in the present study, light-induced cortical and subcortical response changes occurred independently from behavioral modifications. It can also be argued that they are very likely to occur very early in the cascade of events elicited by melanopsin-dependent responses because modulation appeared almost instantaneously. Our previous fMRI studies, which used bright white light exposure in an attentional paradigm, also reported significant effects of light on thalamic and insular activity in the period of darkness following the illumination (Vandewalle et al. 2006) . Collectively, these data suggest that the thalamus and the anterior insula are key structures in mediating the effects of light on brain activity related to different cognitive functions during and after the exposure. Although our design used a wavelength close to the peak sensitivity of the melanopsin-dependent photoreception system (470 nm) and the data are consistent with an involvement of the melanopsin system, we are not in a position to assess the specific contribution of each photoreceptor. Short, medium, and long cones were reported to input to the melanopsin pathway (Dacey et al. 2005 ) and all classical photoreceptors were shown to be necessary for a complete nonvisual response to light in rodents (Hattar et al. 2003) . A recent human study also reported a novel type of cones expressing exclusively melanopsin (Dkhissi-Benyahya et al. 2006) . Lights of various spectral compositions and dose--response protocols should specifically address this question.
Our protocol also revealed intriguing brain deactivations during green light exposure followed by a subsequent increase in activity. Current knowledge about the effects of green light exposures only allows very speculative interpretations of these findings. On the one hand, the effects of green light are reminiscent of those we observed during continuous darkness in a previous experiment. We reported that the repetition of an auditory oddball task in continuous darkness induced a temporary deactivation in several brain areas that were counteracted by bright white light (Vandewalle et al. 2006) . On the other hand, although, to our knowledge, no report supports this hypothesis, it is tantalizing to suggest that green light exposure would have a genuine effect on brain responses, different from blue light exposure. In such perspective, the deactivations we observe would be the result of a specific process induced by the 550-nm light exposure. Future experiments should be specifically designed to separately assess the effects of blue and green light exposures.
The vast majority of studies on the effects of light exposure mediated by the melanopsin-dependent photoreception system took place at night and/or after extended wakefulness episodes (Campbell and Dawson 1990; Badia et al. 1991; Brainard et al. 2001; Lockley et al. 2003; Cajochen et al. 2005 ). The few studies carried out during daytime imposed partial sleep deprivation to increase sleepiness and thereby maximize the sensitivity of their design (Phipps-Nelson et al. 2003; Ruger et al. 2005) . As light exposure occurred during the day in well-rested subjects, our data have a broader impact. The spectral composition of common artificial light is geared toward the classical photopic system and does not consider the contribution of light to nonvisual functions. Future research should establish the optimal light regime (wavelength, duration, photon density, and light history) required to efficiently enhance human cognition during daytime, especially for demanding tasks (e.g., education) or professions (e.g., military personnel, healthcare professional, police, spaceship crew, and plane crews).
Supplementary Material
Supplementary material can be found at: http://www.cercor. oxfordjournals.org/.
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